Abstract. Electroantennogram responses of the polyphagous leafminer Liriomyza sativae and its generalist parasitoid Diglyphus isaea to host and non-host plant odours of L. sativae were investigated. The odours of healthy leaves can elicit distinct EAG responses in L. sativae. The EAG responses to the odours of the host plants, bean and tomato, were stronger than to non-host plants, Chinese rose and morning glory. Neither healthy host nor non-host plants of the leafminer elicited distinctive EAG responses in the parasitoid, D. isaea. Odours of physically damaged leaves, no matter whether of host or non-host plants, increased strongly the EAG responses of the leafminer and its parasitoid. We compared the EAG responses of D. isaea to bean leaves of different status. The odour of mined leaves elicited distinct EAG responses, which were weaker than those of physically damaged ones. No differences were detected in the EAG response to leaves with empty mines, healthy leaves or an air control. The role of plant odours in host location of the leafminer and its parasitoid is discussed.
INTRODUCTION
The leafminer, Liriomyza sativae is a polyphagous her bivore, which attack a variety of vegetable and orna mental crops (Parrella, 1987; Kang, 1996) . The leafminer larvae are obligatory internal plant feeders. They feed in leaf mesophyll tissue and form a serpentine mine. Chemical control of agromyzid leafminers has resulted in the development of insecticide resistance in Liriomyza population and the elimination of their natural enemies, leading to an increasing control problem. The ectoparasitoid, Diglyphus isaea Walker is used in biological control of agromyzid leafminers in greenhouses (Van Lenteren & Woets, 1988) . Female parasitoids oviposit in the last larval stages of the leafminers (Minkenberg & Van Len teren, 1986) . They use several species of Liriomyza, including L. sativae, as hosts. Although D. isaea can parasite different leafminers on different crops, the uneven distribution of parasitoids among crops has been investigated in the field (Zehnder & Trumble, 1984; Johnson & Hara, 1987; Schuster et al., 1991; Salvo & Valladares, 1997) . It has been suggested that parasitoids favour a range of insect hosts related rather to a particular plant or habitat than to phylogenetically related insect hosts (Askew & Shaw, 1978) . In the tritrophic interac tions involving plants, leafminers and D. isaea, both the host and its parasitoid are generalists. It is critical to know which best host plant matches the natural enemy used in biological control of the leafminers.
Plant volatiles are employed by both herbivores and their natural enemies in searching for both food and oviposition place (De Moraes et al., 2000) . Several studies have shown that insect herbivores are attracted by the odours of the host plants (Cosse et al., 1995; Light et al., 1988; Guerin & Visser, 1980) . Plants release herbivore induced volatiles (HIVs) as a result of feeding by herbi vores, which are used by the natural enemies to locate hosts (De Moraes et al., 1998 , Turlings et al., 1990 , Turlings et al., 1991 . A previous study has demonstrated that female D. isaea were strongly attracted to the odours arising from the infested bean plants (Finidori-Logli et al., 1996) . Others have noted that the release of plant compounds is highly variable across plant species and varieties and is also sensitive to the species of herbivore (Dicke et al., 1990; Turlings et al., 1990 Turlings et al., , 1991 Takabayashi et al., 1991; De Moraes et al., 1998) . De Moraes et al. (1998) demonstrated that plant emissions could transmit herbivore species-specific information that is detectable by parasitoids. Both tobacco and cotton pro duced distinct blends of volatiles in response to damage by two closely related herbivore species, Heliothis virescens Fabricius and Helicoverpa zea Boddies. The spe cialist parasitic wasp Cardiochiles nigriceps exploits these differences to distinguish infestations by its host, H. virescens from those by non-hosts. Although there are numerous studies on the behavioural responses of parasi toids to plant volatiles, only a few have investigated the physiological responses to these chemical cues.
In this paper we report the olfactory responses of the leafminer L. sativae and its parasitoid D. isaea to the odours of different plants using electroantennograms. We investigate the role of plant odours in their long-range host habitat preferences. ) were planted in pots in the laboratory. Plant samples were taken from the leaf petiole so as to minimize the number of cut surfaces through which volatiles from within the tissues might escape. Cartridges were loaded with a fresh sample of each plant every morning, left at room temperature and used throughout the day. When physi cally damaged leaves were required, they were cut by a knife before the experiments.
Leafminer. L. sativae was reared as described by Zhao & Kang (2000) . They were reared on beans (Phaseolus vulgaris L.) at 25 ± 1°C with a photoperiod of 14L : 10D and relative humidity 60%. Only unmated females were used in the experi ments.
Parasitoid. D. isaea were collected as pupae from the field. They were separated from the mines and maintained in a climate chamber at 25 ± 1°C with a photoperiod of 14L: 10D and 60% relative humidity. On the day of emergence, individual adults were isolated in tubes with 10% honey-water as a food source. Again, only unmated females were used in the experiments.
Electroantennogram (EAG) Antenna preparation. Antennae of L. sativae were prepared using the method described by Zhao & Kang (2001 , 2002a . The test insect's head was removed, and the tip of the arista was cut off. EAGs were recorded using electrolyte-filled (Ringer's) glass capillary Ag-AgCl electrodes; the reference electrode was positioned into the haemocoel of the cranial cavity, while the recording electrode was connected to the cut arista. In preparing the antenna of the parasitoid, the head of the insect was removed, and the tip of the antenna was cut off. The reference electrode was pierced in the haemocoel of the cranial cavity, while the recording electrode was connected with the cut antenna. The ventral surface of the antenna was orientated to face the odour stream. Only the left antenna from each insect was used.
Odour delivery system. The odour source cartridges con sisted of glass tubes 70 mm long and 25 mm diameter con taining 2g fresh weight of plant material. The odour stimuli include: (1) healthy, intact leaves; (2) physically damaged leaves; (3) mined bean leaves infested with 2nd-instar L. sativae larvae feeding; and (4) bean leaves with empty mines. The car tridges were sealed at each end with a rubber stopper wrapped in a piece of aluminium foil. A short length of 7mm diameter glass tube was passed through each end of the rubber stopper to allow air to move through the cartridge.
A constant flow (1.0 litre/min) of charcoal-filtered and humidified compressed air was passed over the antenna through a disposable nozzle positioned about 1cm from the antenna. Test substances were introduced into the air stream by inserting the tubing of the cartridge into the hole of the delivery tube and injecting the cartridge contents quickly and smoothly. The stimulation duration was 0.2 sec. Each stimulus was followed by an interval of about 90 seconds of clean air. The signal was amplified 10* by a Universal AC/DC amplifier UN-06 and viewed on the computer screen. EAGs were recorded with a Syntech EAG recording system for Windows (Version 2.6).
Experimental procedure. For each stimulus, EAGs were recorded from at least ten antennae. After every third to fifth test, a "control" stimulation (an empty cartridge) and "standard" stimulation (using fresh cartridges impregnated with 1pl of 95% hexan-1-ol) were presented. EAGs of test plants were evaluated by measuring the maximum amplitude of negative deflection (-mV) elicited by a given stimulus and then subtracting the amplitude of the response of the preceding control. The millivolt responses to all plants were converted to percentage values of the response to the accompanying standard. EAG data were sub jected to ANOVA and means were compared by Tukey's test (using SPSS 8.0) . RESULTS
EAG responses of L. sativae to different plants odours
Mean responses of female L. sativae to the hexan-1-ol standard (95%, 1pl) were -1.07(± 0.04SE) mV. There were differences in the magnitude of the EAG responses of L. sativae to the odours of different plants (P < 0.05) (Fig.1) . Among the EAG responses to healthy leaves, L. sativae were significantly more responsive to bean and tomato. The EAG response to squash was less pro nounced. The lowest magnitude of responses were observed for Chinese rose and morning glory. All of the healthy plants elicited greater EAG responses to L. sativae than did controls (P < 0.05). Much higher EAG responses were detected to physically damaged leaves for all the test plants. The EAG responses to physically dam aged leaves was similar for morning glory, Chinese rose and squash. Damaged leaves of tomato elicited a response ofhigher magnitude.
EAG responses of D. isaea to different plants odours
The mean response of female D. isaea to the hexan-1-ol standard (95%, 1pl) was [-1.63 (± 0.12SE) mV]. Although the magnitude of the EAG responses to the healthy leaves of tomato was higher than to other healthy leaves, they were no higher than the controls (Fig. 2 ,P< 0.05). However, mechanically damaged leaves elicited high EAG responses from the parasitoids (Fig. 2) with damaged bean leaves eliciting responses of the highest magnitude. The EAG responses to damaged tomato and Chinese rose were higher than those to the damaged squash (P < 0.05). Fig. 3 shows the EAG responses of female D. isaea to bean leaves of different status. The EAG responses of the parasitoid to the healthy leaves and leaves with empty mines showed no significant difference to the air control. Infested leaves with 2nd-instar L. sativae larvae feeding within them elicited detectable responses to D. isaea, but the magnitude was less than that elicited by the mechani cally damaged leaves (P < 0.01).
EAG responses of D. isaea to bean leaves in different status

DISCUSSION
This EAG analysis of the response of L. sativae to dif ferent plants demonstrates that the antennae of the leafminers respond selectively to host plant odours. They are more sensitive to host plants, such as bean and tomato, than they are to non-host plants such as Chinese rose and morning glory. Behavioural studies in the olfactometer produced analogous results (Zhao & Kang, 2002b) . Odours of host plants, such as bean and tomato, had similar levels of attraction to the leafminer, and were much more attractive than were the non-host plants. All the healthy plants, no matter whether host plants or non host plants, elicited higher magnitudes of response than did controls (Fig. 1) . The green leaf volatiles (GLVs), which generally exist in green plants, may attract the polyphagous leafminer. When the plants were damaged mechanically, greater amount of plant volatiles, especially the green leaf volatiles, were released (Visser, 1979) , which may contribute to the high EAG responses of L. sativae (Fig. 1) . Previous studies have shown that L. sativae were more sensitive to green leaf volatiles and other characteristic volatiles of the host plants (Zhao & Kang, 2002a) . We suggest that the leafminer, L. sativae, employ both the GLVs and other characteristic volatiles of host plants in orientating to their host habitats. Behav- ioural assays are needed to determine the effect of the GLVs and the characteristic volatiles of host plants on the leafminer.
In locating their hosts, parasitoids must search for potential hosts living on different plants growing in diverse habitats. Chemical stimuli act as the cues which direct many parasitoids to their hosts (Dicke & Minkenberg, 1991) . Some parasitoids use volatiles emitted by undamaged plants to locate the habitat and, possibly, the microhabitat of their host (Elzen et al., 1984; Ngi-Song et al., 1996) . Two parasitoids Cotesia flavipes and Cotesia sesamiae were strongly attracted to odours emanating from several gramineous plants (maize, sorghum, and a wild host, napier grass), which are host plants of stemborers. Both of them had showed preferences for the host plants of their prey. C. flavipes showed a preference for maize over sorghum, while C. sesamiae was more attracted to sorghum odours (Ngi-Song et al., 1996) . In the EAG analysis of D. isaea, none of the EAG responses to the odours of healthy plants differed from the controls, regardless of whether they were hosts or non-hosts of the leafminer (Fig. 2) . The odours of mechanically damaged leaves elicited higher EAG responses than did intact leaves, which may be due to the higher quantities of the "green leaf volatiles" (GLVs) released by damaged leaves (Visser, 1979) . No preferences of D. isaea to particular plants were detected in the EAG responses to the odours of healthy and physically damaged leaves. An early bio assay of D. isaea showed that the parasitoids were slightly attracted by the bean odour (Finidori-Logli et al., 1996) . Larval and adult conditioning of D. isaea affected slightly the females' selection of plant type on which the host larvae were located (Coaker & Cheah, 1993) . In this study, D. isaea pupae were removed from the plants before their emergence. The adults had thus no experi ence with the plants, and no distinct EAG responses to odours of beans were detected. Whether they would have more sensitive EAG responses to host plants after condi tioning remains to be investigated.
Physically damaged bean leaves elicited the most dis tinctive EAG responses in D. isaea, with mined leaves second. The odours of the mined leaves was more attrac tive behaviourally to the parasitoid than were the mechanically damaged leaves (Findori-Logli et al., 1996) . The greater amount of GLVs in the mechanically dam aged bean leaves may have little attraction to D. isaea, whereas the particular volatiles released by the mined leaves were attractive to the parasitoid. Plants may be induced to emit attractants utilized by insect parasitoids by the host saliva (Turlings et al., 1990) . The volatile blends that are released in response to herbivore feeding are not identical to those elicited by artificial damage done by mechanical means (Dick & van Loon, 2000) . Two components, cis-3-hexen-1-ol and 4-hydroxy-4-methyl-2-pentanone, were present in significantly larger quantities in the leaf extracts from mined or damaged bean plants than in those from healthy ones (FindoriLogli et al., 1996) . The compound 1-Octen-3-ol was emitted only by the mined leaves (Findori-Logli et al., 1996) . It is understood that the chemosensory system of arthropods is able to detect volatile compounds at concen trations that are so low that they escape attention in gaschromatographic mass spectrometric analyses (Pickett, 1990; Pickett et al., 1998) . 1-Octen-3-ol may be only one of many herbivore-induced volatile (HIV) components. Whether 1-Octen-3-ol itself or the whole HIV blend has the attractive function needs further research. The EAG response of D. isaea to the odour of leaves with empty mines is similar to the healthy ones. This may be due to the cessation of HIV released when the herbivore stopped feeding. Although some parasitoids use volatiles emitted by undamaged plants to locate the habitat and possibly the microhabitat of their host, the HIVs were more impor tant in guiding D. isaea to their hosts. We suggest that for successful establishment, the parasitoid should be released after the infestation of the plant by the leafminer.
The release of plant compounds is highly variable across plant species and varieties and is also sensitive to the species of the herbivore involved (Dicke et al., 1990; Turlings et al., 1990 Turlings et al., , 1991 Takabayashi et al., 1991; Rose et al., 1996; De Moraes et al., 1998) . It is the herbi vores that provide the parasitoids with the detectable and reliable cues in host location. De Moraes & Lewis (1999) demonstrated that two parasitoids, Cardiochiles nigriceps (Vier.) and Microplitis croceipes (Cresson), both depend primarily on herbivore-induced signals, and these two species demonstrate a significant plant species preference: C. nigriceps for tobacco and M. croceipes for cotton. The leafminer is a polyphagous herbivore. Are there any dif ferences in the leafminer-induced volatiles among the host plants? Can the parasitoid D. isaea select plants by discriminating among these volatiles? Comparative research on herbivore-induced volatiles of different plants and the behavioural responses of the parasitoid to them need to be continued.
